TiH 2 powder has been used to fabricate aluminum foams as a blowing agent for more than two decades. The aim of this paper is to understand the detailed decomposition behavior of TiH 2 powder and to control the phenomenon by a heat treatment for the fabrication of fine aluminum foams by the melt route. TiH 2 powders whose qualities were different, were characterized using TG-DTA and XRD. As heat treatment factors, temperature and time were applied. We have found differences in the decomposition behavior between the as-received TiH 2 powders. Regardless of quality of TiH 2 powder, increasing temperature and time of the heat treatment in air elevates the decomposition temperature and decreases the amount of released hydrogen during reheating due to the oxide barrier layer formed on the powder surface. The influence of the heat treatment temperature on the decomposition modification is more significant than that of the time. To control the decomposition phenomenon of TiH 2 powder, the heat treatment condition has to be optimized taking into account the quality and the purity of the powder.
Introduction
Some hydrides and carbonates have been proposed up to now as a blowing agent for aluminum foam fabrication using gas source generated by the decomposition of the compounds. TiH 2 is the most useful blowing agent for aluminum because it results a fine foam structure.
1) The decomposition of TiH 2 starts at around 420 C and continues up to 800 C [1] [2] [3] [4] and most of the hydrogen gas was released from 500 to 700 C. 5) In both aluminum foam fabrication routes of the melt and the powder metallurgy, the samples are heated at between 600 and 700 C. Thus, the temperature difference between the TiH 2 decomposition and the sample on the foam fabrication strongly influences the yield and the foaming phenomenon.
Several authors reported about the improvement of TiH 2 decomposition kinetics. Kennedy et al., 2, 6) Matijasevic-Lux et al. 1, 7) and Gergely et al. 4, 8) systematically investigated the heat treatment of TiH 2 powder. These reports reveal that the start temperature of the decomposition is shifted to higher temperature due to the oxide layer formed on the powder particle acting as a barrier of the hydrogen disaggregated from titanium. The optimum conditions for the heat treatment, namely time and temperature, are reported as follows; 530 to 630 C for 1 h by Kennedy et al., 2, 6) 480 C for 3 h by Matijasevic-Lux et al. 1, 7) and 500 C for 1 h after 400 C for 24 h by Gergely. 4, 8) Compared to these reports, there are differences of purity and supplier between applied powders in each investigation. Therefore, we have to consider not only the heat treatment condition but also the quality of TiH 2 powder in order to elucidate the decomposition phenomenon and to establish the heat treatment method.
As another blowing agent treatment, Fang et al. have investigated the coating of TiH 2 powder with SiO 2 or Al 2 O 3 . Coating with SiO 2 leads the decomposition start to delay from 60 to 100 s and the time depends on the thickness of the coatings. 9, 10) However, this technique has a disadvantage of the high cost.
For a development of the melt process, a near net shape casting technique was tried by pouring the melt admixed with TiH 2 powder into a mold in order to fabricate three dimensional complex shape products. 11, 12) Applying this technique, the process demands the control of the blowing agent decomposition during mixing, pouring and solidifying steps. However, nearly all reports about the modification of TiH 2 were carried out based on the powder metallurgy route up to now. Thus, the knowledge of the effect of the TiH 2 treatment on the foamability on the melt route is still lacking.
The aim of this paper is to understand the detailed decomposition process of TiH 2 powder and to control the phenomenon by the heat treatment of the blowing agent in order to produce fine aluminum foams. Heat treatment time, temperature and atmosphere were examined. The decompositions were evaluated using three different type and quality TiH 2 powders. In addition, the influence of the heat treatment of TiH 2 powder on the foamability in the melt route is also investigated by a fabrication of aluminum foams.
430, 450, 480, 500, 530 C), time (1.5, 3, 12 h) and atmosphere (Ar-3%He and air) using an electric furnace. Geometries of treated powders were characterized by macro observations and scanning electron microscope.
Thermo gravimetric and differential thermal analy-
sis Decomposition phenomena of treated TiH 2 powders were analyzed using thermo gravimetric (TG) and differential thermal analysis (DTA) on Rigaku ThermoPlus 2 TG88110. The apparatus was equipped with an electric furnace, a microbalance and a gas flow controller as shown in Fig. 1 . In order to avoid the moisture absorption, the powders were handled in an oven at 150 C for more than 24 h before all TG-DTA measurements. For the measurement, 50 mg of the TiH 2 powder and Al 2 O 3 powder as a standard sample were filled into crucibles made of Al 2 O 3 . The furnace and the microbalance were evacuated at 200 ml/min under a continuous flow of argon at 1000 ml/min for the prevention from oxidation of the powder during measurements. After positioning the crucibles, the furnace was heated up to 1000 C with 10 K/min.
X-ray diffraction
X-ray diffraction (XRD) measurements were carried out to determine the phases and the quality of the TiH 2 powder. The diffraction patterns were measured by Rigaku RINT-TTRIII from 20 to 90 of 2 range with 0.02 steps using Cu-K radiation.
Aluminum foam fabrication
We produced aluminum foams for testing the TiH 2 powders by the melt route using a melt viscosity increasing process called thickening to avoid ruptures and coalescence of pores. As the preparation of the foamable matrix material, namely thickened sample, 700 g of pure aluminum melt (purity: 99.8%) was stirred with 1.5 mass% calcium at 700 C for 20 min in order to obtain the stationary value of stirring torque. 50 g of the matrix material was melted again at 700 C and mixed with as-received or treated TiH 2 powder as a blowing agent for 100 s. After the mixing, the melt was held in the furnace for 100 to 300 s during which the foam evolved followed by cooling at room temperature. The solidified foam samples were cut vertically and the foam architecture and microstructure were evaluated.
Results and Discussion
3.1 Influence of purity and supplier of as-received TiH 2 powder on decomposition phenomenon Macro and SEM images of each as-received powder are shown in Fig. 2 . These images represent that the colors of every powder are gray and the shapes are granular and angulated. The phase of each TiH 2 powder was identified using X-ray diffraction as shown in Fig. 3 . From the patterns no significant difference was found comparing the peaks detected in each powder. These peaks were identified as the peak of TiH 1:924 based on joint committee on powder diffraction standards cards. This compound belongs to phase in a binary phase diagram of Ti-H system containing 3.78 mass% hydrogen and having CaF 2 type face-centered cubic crystal structure. Figure 4 (a) indicates thermo gravimetric changes of these powders. Weight reductions (TiH 2 decomposition) of all powders start at 450 C and continue up to 800 C. The reduction during heating of Toho l.p. is less than those of the other powders. Besides all thermo gravimetric curves have inflection points at around 530 C. Figure 4 (b) shows differential thermal analysis curves corresponding to the thermo gravimetric curves indicated previously. Except for Toho h.p., the curves are composed with two peaks. The peaks at 560 C is found in all TiH 2 type. However, there is around 30 C temperature difference between the peaks at low temperature. The peak of Toho l.p. takes place at 460 C and Chemetal does at 490 C. The curve of Toho h.p. has two small peaks at the low temperature side. These tendencies indicate that TiH 2 decomposition occurs through two processes between 460 and 490 C and 560 C. It can be assumed that the decomposition behavior at the lower temperature depends especially on purity or supplier of TiH 2 powder.
The existence of two stages of the TiH 2 decomposition is not fully understood up to now. In the literatures, 1, 2, [13] [14] [15] there are different explanations of the phenomenon. Trefilow et al. 14) indicates that hydrogen atom placed into different places in the TiH 2 lattice, namely octahedral and tetrahedral holes in -TiH 2 . 13, 14) The hydrogen atoms in octahedral holes can easily migrate because the bonding in octahedral sites is weaker than that in tetrahedral ones. 15) Therefore, during heating the hydrogen atoms from the octahedral positions would be released first and the hydrogen from the tetrahedral ones should leave later. On the other hand, Kennedy claims that first the reduction in the stoichiometry of the hydride to -TiH 1:5 hydride occurs, and second the heating leads to both hydride decomposition and the formation of -and -Ti phases.
2) In this study, both -and -Ti never be detected by XRD and the DTA peak at low temperature disappear with increasing a heat treatment temperature, if TiH 2 powder was heat treated as mentioned minutely later. Thus, the former explanation should be a highly credible model. However, further experimental investigations are required to elucidate these theoretical considerations.
3.2 Influence of heat treatment temperature on decomposition phenomenon 3.2.1 Characterization of TiH 2 powder colors and phases For evaluation of the color change, the time of heat treatment was fixed for 3 h in all cases. Toho l.p. and Toho h.p. TiH 2 powders were observed during heat treatment in air. In Toho l.p., the initially dark grey powder turned into blue at 400 C, green at 430 C and light grey at 480 C. On the other hand, the dark grey of as-received Toho h.p. altered into purple at 430 C, blue at 450 C, green at 500 C and light grey at 530 C. These indicate that the color changes depend on the treatment temperature. Matijasevic-Lux et al. 1) have investigated the influence of the treatment temperature in air and reported that the oxide content in TiH 2 powder increases with the temperature because the thickness of formed oxide are thicker.
1) The tendency of the color change is also known as an anodizing technique of titanium or temper color which is one of knowledge for a heat treatment technique in steel industry field. These reveal that the surface color attributes the thickness of formed oxides. 16) Therefore, the color change found in this study is caused by the oxide formation due to the heating of TiH 2 powders in air and the color depends on the oxide thickness.
In order to investigate the dyeing caused by the heat treatment of the powder surfaces, XRD measurements were carried out to identify formed phases of the TiH 2 powder. and Kennedy et al.
2) Additionally, some researchers reported that heating TiH 2 at an oxygen atmosphere induced to form hydroxides locally with the composition from C has similar XRD pattern as that of Toho l.p. treated at 480 C (Fig. 5 ). On the other hand, the surface color and the X-ray diffraction pattern of Toho l.p. treated at 480 C in Ar-3%He atmosphere, hardly have any difference from as-received Toho l.p. Therefore, it can be assumed that the amount of formed oxide on the powder surface is very low.
TG-DTA measurements
Thermo gravimetric curves of Toho l.p. treated in air at different temperature for 3 h were analyzed. The curves of Toho l.p are shown in Fig. 7(a) . The curve of Toho l.p. treated in Ar-3%H 2 at 480 C is also indicated as an reference. The temperatures where the decomposition starts are increased with higher treatment temperature. The effect of the treatment temperature on the amount of the weight reduction is not significant up to 450 C but becomes considerable above 480 C where the hydrogen loss by the treatment can reach 50%. In every curve, the heat treatment leads to the disappearance of the inflection point of the as-received powder. In the case of Toho l.p. treated in Ar-3%He, the starting temperature of the decomposition is similar to that of as-received, however the amount of generated gas is remarkably small. From these results, the heat treatment in air leads to decompose at high temperature because formed oxide on the powder surface acts as a barrier of the hydrogen disaggregation. Figure 7 (b) shows differential thermal analysis curves corresponding to the thermo gravimetric curves indicated in Fig. 7(a) . The peak at the low temperature side which is found in the as-received case (shown in Fig. 5 ) becomes small with increasing the treatment temperature and disappears at more than 430 C of the treatment temperature. Thus, the decomposition during the heat treatment is accelerated by the heating and results this peak vanishing in TG-DTA measurements.
TG curves obtained using treated Toho h.p. powders at different temperature for 3 h are shown in Fig. 8(a) . Increasing of the heat treatment temperature induces the decomposition start at higher temperature. The significant reduction of amount of released hydrogen is confirmed in the curve of the treatment at 530 C. The decrease and the disappearance of the peak at a low temperature side with the temperature increase of the heat treatment were also found in DTA curves as indicated in Fig. 8(b) . From these results, we confirm that the heat treatments of Toho l.p. and Toho h.p. have similar tendency of the heat treatment effect on the decomposition modification.
Influence of TiH 2 purity on decomposition kinetics
In order to investigate the influence of the purity of TiH 2 powder on the efficiency of the heat treatment, the relationship between the temperature of the heat treatment and decomposition kinetics of both Toho l.p. and Toho h.p. is shown in Fig. 9 . As indexes of the decomposition characterization, the start temperature of the decomposition and the amount of generated hydrogen were applied because these parameters are important factors in aluminum foam fabrications by the melt route. Regardless of the purity of TiH 2 powder, both temperatures of the decomposition start and the amount of released hydrogen increase with the heat treatment temperature. However, Toho l.p. starts to decompose at higher temperature and releases lower amount of hydrogen than Toho h.p., if an identical treatment temperature was applied.
Toho l.p. has more impurities (mainly chlorine) than Toho h.p. as indicated in Table 1 . In addition, TiH 1:924 peaks of Toho l.p. were detected a little lower angle by XRD than that of Toho h.p. as shown in Fig. 3 . These would mean that existence of chlorine atoms in TiH 1:924 lattice leads to the distortion of the lattice constant because atomic radius of chlorine is bigger than that of hydrogen. Hydrogen atoms within Toho l.p. must be in an unstable state compared with those within Toho h.p. Therefore, Toho l.p. has a tendency to decompose a smaller amount of hydrogen at higher temperature because hydrogen loss is significant during the heat treatment.
As shown in Fig. 5 and 6 , titanium oxides were detected in Toho l.p. treated at 480 C and in Toho h.p. treated at 530 C. The remarkable decrease of the amount of released hydrogen has an identical temperature dependency with the oxide formation. In addition, the color change of Toho l.p. at lower temperature side corresponds to that of Toho h.p. at higher temperature. If we compare with the same color powders of Toho l.p. and Toho h.p., i.e. a combination of Toho l.p. at 380 C and Toho h.p. at 450 C or that of Toho l.p. at 430 C and Toho h.p. at 500 C, there are more than 60 C temperature difference of the decomposition start in each combination. Therefore, the influence of the thickness of formed oxide on the decomposition phenomenon must be insufficient. Figure 10 indicates TG curves of both of Toho l.p. and Toho h.p. treated in air at 400 C for 1.5, 3 and 12 h. Regardless of the purity of TiH 2 powder, the increase of heat treatment time elevates the temperature of the decomposition start and decreases the amount of evolved gas during reheating. This tendency has a good agreement with the effect of the heat treatment temperature. Therefore, the heat treatment time is also one of the controlling factors to modify the decomposition phenomenon of TiH 2 powder. If we compare the influence of purity of TiH 2 powder, the temperature difference of the decomposition start between Toho l.p. and Toho h.p. becomes less obvious with increasing the heat treatment time. The temperature of gas evolution start is nearly equal after 12 h of the treatment of Toho h.p. and Toho l.p. Therefore, the effect of the heat treatment time deteriorates with increasing time and is not significant compared with that of the temperature. Figure 11 shows TG curves measured using each TiH 2 powder heat treated at 480 C for 3 h. Although there is not big difference of the temperatures of the decomposition start in each as-received TiH 2 powder as shown in Fig. 4(a) , the start temperatures of treated powders elevates with the following order Toho l.p., Toho h.p. and Chemetal. The range of the each temperature is from 550 to 580 C. The hydrogen loss during the heat treatment can be calculated by the following formula.
Influence of heat treatment time on decomposition phenomenon

Influence of TiH 2 quality on heat treatment
Where X loss is the rate of released hydrogen during the heat treatment, X rec. is that of as-received powder during TG-DTA measurement and X tre. is that of treated powder. X loss of Toho l.p. is 33.6%, that of Toho h.p. is 13.7% and that of Chemetal is 25.3%, respectively. This order corresponds to that of the temperature of the decomposition start. It is difficult to find the appropriate reason of this order using simply the chemical composition shown in Table 1 . However, there must be a correlative relation between the temperature of the decomposition start and the amount of released hydrogen. Thus, the ease of hydrogen diffusion from TiH 2 lattice depending on TiH 2 quality should influence the decomposition phenomenon. To verify this assumption needs minute discussions.
From these results, we can confirm that the tendency to modify the decomposition kinetics depends on purity and supplier of TiH 2 powder. Therefore, it is necessary to take into account TiH 2 powder quality sufficiently if we establish the heat treatment condition to control TiH 2 decomposition phenomenon.
Aluminum foam fabrication
Cross sections of foam samples fabricated using both Toho l.p. of as-received and heat treated are shown in Fig. 12 . Heat treatment at 480 C and for 3 h were applied because this condition causes to shift the decomposition start to high temperature and to decrease the amount of evolved hydrogen during reheating the most significantly. The samples foamed by as-received powder are composed with small and homogeneous sized pores. The increase of holding time from 100 to 300 s leads pores to enlarge with keeping the size uniformity. On the other hand, in the case of treated Toho l.p. foaming, the sample held for 100 s has only tiny pores and 300 s of holding induces inhomogeneous size of pores, namely debased distribution. Thus, it can be assumed that the decomposition start of treated Toho l.p. is delayed compared with that of as-received Toho l.p. Besides, the heat treatment results inferior quality of foams.
At the aluminum foam fabrications by the powder metallurgy route, the heat pre-treatment of TiH 2 powder leads not only to a foaming delay but also to high quality foamability, namely more uniform distribution of rounder pores. 1) Thus, the effect of TiH 2 treatment on foaming phenomenon depends also on the foam production method.
In order to investigate the decomposition state of each powder within the foam samples, the samples held for 100 s were melted again at 700 C. Appearances of the samples after remelting are indicated in Fig. 13 . The geometry of the sample foamed by as-received Toho l.p. shrinks, whereas that of the sample foamed by treated Toho l.p. expands. SEM images and Ti mappings of the surroundings of TiH 2 powder in each sample held for 100 s are shown in Fig. 14 . Intermetallic compounds are found around the as-received powder. These intermetallics form by the reaction of decomposed TiH 2 powder with matrix melt. On the other hand, in the case of treated Toho l.p., there is no precipitation at the surrounding of the powder. Therefore, the decomposition of treated Toho l.p. hardly starts at that time whereas as-received Toho l.p. should complete to decompose during 100 s of holding in the furnace.
From these results, we can confirm that the gas evolution delay using heat treated TiH 2 powder in the melt is successfully achieved. This technique has the possibility to produce complex and near-net shape foams using a casting process which the melt including treated TiH 2 powder is poured into molds. It also indicates the chance for producing foamable precursor by the melt route. However, it is necessary to investigate the effect of TiH 2 treatment on a foaming phenomenon to fabricate fine aluminum foams.
Conclusion
The influence of purity and supplier of TiH 2 powder on the decomposition phenomenon was evaluated. The change of TiH 2 decomposition kinetics in the function of time, temperature and atmosphere of the heat treatment was investigated. In addition, the effect of TiH 2 treatment on aluminum foam fabrication by the melt route was studied.
(1) The decomposition of as-received TiH 2 powder is taking place in two steps regardless the quality of TiH 2 powder. First one occurs between 460 and 490 C and this temperature depends on the quality. There are hardly any differences in the second peak of the powders at higher temperature (560 C). The amount of released hydrogen from Toho l.p. is the lowest because this powder contains high quantity of impurities. (2) With increasing time and temperature of the heat treatment, the start temperature of the decomposition of TiH 2 powder is shifted to higher temperature and the amount of disaggregated hydrogen decreases. This attributes that the formed oxide layer on the powder surface (TiO 2 and Ti 3 O) with hydrogen loss during the heat treatment acts as a barrier of the hydrogen disaggregation from TiH 2 . (3) The effect of the heat treatment temperature on the modification of the decomposition phenomenon is more significant than that of the time. (4) The tendency to improve the decomposition kinetics depends on purity and supplier of TiH 2 powder. Therefore, we have to take into account TiH 2 powder quality sufficiently if we try to establish the heat treatment condition for controlling the TiH 2 decomposition. (5) The start and the rate of foaming aluminum melt by using heat treated TiH 2 powder are much slower compared with that of the foaming by as-received powder. Thus, the heat treatment of TiH 2 powder can be a prospective technique for applying the casting process to produce near net shape aluminum foams and production foamable precursor. treated as-received Fig. 13 Geometries of remelted sample which were evolved for 100 s shown in Fig. 12 .
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